Zircon fission-track (F.T.) ages and paleomagnetic directions were measured on the Neogene series of the OkiDogo Island. The results of F.T. dating on the the Tokibariyama Formation show ages of 23.7 ± 1.3 and 20.0 ± 2.3 Ma, indicating the early Early Miocene. Paleomagnetic measurements of the Tokibariyama, Kori Formations (24-17 Ma) and the Oki Trachyte-Rhyolite (6.8 Ma) were done to reveal the movement of Oki-Dogo Island during the Japan Sea opening. The Tokibariyama and Kori Formations show an average declination of 39.9
Introduction
The debate on the differences in the paleomagnetic declinations of the Japanese Islands was initiated by Kawai et al. (1961) . They proposed a Cretaceous-Tertiary tectonic hypothesis that the present bow-shaped Japanese islands were formed by bending. Otofuji et al. (1985) reported paleomagnetic data indicating a counterclockwise rotation of 47
• of northeast Japan and a clockwise rotation of 56
• of southwest Japan between 21 and 11 Ma. Otofuji et al. (1991) concluded 80% of the rotation of southwest Japan occurred at around 15 Ma during a period less than only 2 m.y. On the other hand, deep sea drilling in the Japan Sea provided a result showing that the ocean floor of the Japan Sea formed between 28 and 18 Ma (Tamaki et al., 1992) . Jolivet et al. (1995) proposed the idea that a part of the 50
• clockwise rotation of southwest Japan was due to internal deformation of the rotating blocks with second order dominoes. The debate on the timing and the mechanism of the opening of the Japan Sea is still continuing.
The Oki-Dogo Island, where a Neogene series is widely distributed covering the Oki Metamorphic and Granitic Rocks unconformably, is located in the southwestern part of the Japan Sea (Fig. 1) . The Tokibariyama, Kori, and Kumi Formations, which were formed during the Japan Sea opening, mainly consist of calc-alkaline volcanic rocks and fluvial-shallow marine deposits (Yamasaki, 1992) . The Oki Trachyte-Rhyolite, which was formed after the Japan Sea opening, is distributed in the western part of Oki-Dogo Island. This series is, therefore, a good object to test the model of the Japan Sea opening. Ito (1970) reported paleomagnetic data of the Oki-Dogo Island, however this data is insufficient to discuss the movement of the Oki-Dogo Island because all of the paleomagnetic samples are after Late Miocene. We
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carried out paleomagnetic studies and fission-track (F.T.) dating of the series to clarify the timing of the movement of the Oki-Dogo Island related to the Japan Sea opening.
Geological Setting
Figures 1 and 2 show the Neogene stratigraphy and the geological map of the study area, respectively. The Neogene series consists of the Tokibariyama, Kori, Kumi, and Tsuma Formations, Oki Trachyte-Rhyolite, and Tsuzurao Quarts Rhyolite, in ascending order. We describe in detail the stratigraphy and the geological structures of the Tokibariyama, Kori, Kumi Formations and the Oki TrachyteRhyolite, from which samples were collected for F.T. dating and paleomagnetism.
Stratigraphy
The Tokibariyama Formation is divided into the lower and upper members according to lithology (Yamasaki, 1992) . The lower member is in fault contact with the basememt and partly unconformably overlies the basement. It is mainly composed of rhyolitic pyroclastic rocks and also contains andesite lavas and mudstone. The upper member is mainly composed of andesite lavas and intercalates andesitic pyroclastic rocks, dacite lavas and dacite pyroclastic rocks. The F.T. ages (26.0 ± 4.2 Ma; Kano and Nakano, 1985) of zircon and the K-Ar age (19.7 ± 0.6 Ma; Tainosho et al., 1991) of the potassium feldspar of the younger granite, which intruded into the Tokibariyama Formation (Yamasaki, 1991) , show that the Tokibariyama Formation was deposited after the Oligocene (Yamasaki, 1992) .
The Kori Formation is divided into the Koji Tuff, Ohzuku Conglomerate, Kori Basalt, Nagu Volcanic, and Togo Basalt Members (Yamasaki, 1991 (Yamasaki, , 1992 . This formation unconformably overlies the Tokibariyama Formation. The Kori Basalt, Nagu Volcanic and Togo Basalt Members are contemporaneous heterogeneous facies with the Koji Tuff and the Ohzuku Conglomerate Members (Yamasaki, 1992 ). The Iwata et al. (1988) , Kaneoka et al. (1977) , Kojima et al. (1995) , Okubo and Takayasu (1980) , Sawada et al. (1999) , Yamasaki (1992) , Gansawa (1989), and Yokota (1984) .
Kori Basalt Member is distributed in the northern part of the Oki-Dogo Island and composed of basalt lavas, basaltic pyroclastic rocks, and volcanic conglomerate. Most of these basalt lavas are auto-brecciated. The Nagu Volcanic Member is distributed on the west coast of the Oki-Dogo Island and composed of basalt lavas, basaltic pyroclastic rocks, volcanic conglomerate and volcanic sandstone. The Togo Basalt Member is distributed on the east coast of the Oki-Dogo Island and composed of auto-brecciated clinopyroxene-olivine basalt lavas. The zircon F.T. ages of the Koji Tuff Member were reported as 21.2 ± 1.0 Ma by Yamasaki and Ganzawa (1989) and as 19.9 ± 1.4, 21.3 ± 1.3, 21.9 ± 1.3 Ma by Yoshitani et al. (1995) . Geological age of the Kori Formation is thought to range from the early Middle Miocene to the early Late Miocene based on the Daijima type flora and the F.T. ages of the Koji Tuff Member and F.T. age (14.6 ± 0.7 Ma; Yamasaki and Ganzawa, 1989) of the Kumi Formation. The Kumi Formation is divided into five members of the Hei Tuff and Siltstone Alternation, Kumi Sandstone, Utagi Mudstone, Igo Mudstone, and Iinoyama Diatomite Members (Yamasaki, 1991) . This formation conformably overlies the Kori Formation. The Hei Tuff and Siltstone Alternation Member is composed of fine-coarse grained acidic tuff, pumice tuff, and siltstone alternation. The Kumi Sandstone Member is contemporaneous heterotopic facies with the Hei Tuff and Siltstone Alternation Member, and is composed of medium sandstone and mudstone alternation, pebble-granule conglomerate and acidic tuff. The lower part of the Iinoyama Diatomite Member is made of massive diatomite and interfingered with the Utagi Mudstone Member which is composed of black-gray mudstone and fine-coarse sandstone, whereas, the upper part of the Iinoyama Diatomite Member is also interfingered with the Igo Mudstone Member which is composed of massive sandy mudstone and fine-coarse sandstone (Yamasaki, 1992) . Most of the Utagi Member is distributed in the southern part of the Oki-Dogo Island, and conformably overlies the Hei Tuff and Siltstone Alternation and the Kumi Sandstone Members. Geological age of the Kumi Formation is thought to be the early Late Miocene-the middle Late Miocene based on the foraminiferal assemblage (Okubo and Takayasu, 1980) , the diatom assemblage (Yokota, 1984; Yamasaki et al., 1990; Yamasaki, 1992 ) and on F.T. ages Kojima et al. (1995) , Sawada et al. (1999), and Yamasaki (1992) .
(14.6 ± 0.7 Ma: Yamasaki and Ganzawa, 1989) . The Oki Trachyte-Rhyolite is widely distributed in the western part of the Oki-Dogo Island. It is composed of rhyolite and trachyte lavas and pyroclastic rocks, and unconformably overlies the Tokibari, Kori, Kumi, and Tsuma Formations. This formation was not tectonically deformed. Iwata et al. (1988) reported the Rb-Sr whole-rock isochron age of 6.8 ± 0.2 Ma.
Geological structures
The study area is characterized by a dome structure in the Tokibariyama and Kori Formations. The basement rocks, which are covered by the Tsuzurao Quartz Rhyolite unconformably, crop out in the core of the dome. The north-western part of the dome dips gently to the northwest, whereas the eastern part dips steeply to the east. In the western half of the study area, a syncline with an axis trending N-S exists in the Kori and Kumi Formations, and the Oki TrachyteRhyolite is horizontally distributed covering this syncline unconformably.
Fission-Track Dating

Samples and measurements
We collected samples from 15 sites for F.T. dating shown in Fig. 2 and Table 1 , and obtained reliable data from 3 samples of OKI-7, 13, and 15. OKI-7 is from rhyolitic auto-brecciated lava of the Tsuzurao Quartz Rhyolite. OKI-13 and OKI-15 are the matrix of rhyolitic lapilli tuff and rhyolitic coarse tuff of the lower member of the Tokibariyama Formation.
All the samples were crushed to 75-250 µm fraction. After panning, heavy liquid separation and magnetic separation, zircon grains were picked out by hand. Zircon grains were immersed in 45% HF at 80
• C for 2 hours to remove minute glasses, rock fragments and minerals clinging to the grains. After this treatment, 300 grains of zircon were taken from 3.3 kg of OKI-7, 300 grains from 5.0 kg of OKI-13 and 200 grains from 5.0 kg of OKI-15.
The age determination was done by the external detector method with zeta calibration (Hurford, 1990) . The zircon grains were mounted in PFA Teflon sheets. Crystal external (2π ) surfaces were used for OKI-13 and OKI-15, however crystal internal (4π ) surfaces were used for OKI-7 because its crystal external (2π ) surfaces had many scars. Etching was done using KOH-NaOH melt at 225
• C. OKI-7, OKI-13, and OKI-15 were etched for 77, 76, and 49 hours, respectively. The zircon mounts and a standard glass (NIST, SRM-612) were covered by uranium-free muscovite detectors and were irradiated with thermal neutron in a pneumatic tube (cd-ratio: 3.5) of JRR-4 of Japan Atomic Energy Research Institute (Tokai village). After the irradiation, muscovite detectors were eched in 48% HF for 30 minutes at room temperature. We used zeta values of 343.6 (for the 2π surface), and 350.6 (for the 4π surface) determined for dosimeter glass SRM-612 using the Fish Canyon Tuff and Buluk Member Tuff (Hurford, 1990) .
Results of F.T. dating
The results of the measurements are shown in Table 2 . These passed χ 2 -test by over 5%. The age of OKI-13 and OKI-15 are 23.7 ± 1.3 and 20.0 ± 2.3 Ma, respectively. These ages are consistent with the K-Ar age (19.7 ± 0.6 Ma) of the potassium feldspar of the younger granite intruded into the Tokibariyama Formation (Tainosho et al., 1991) . These results suggest that the Tokibariyama Formation was formed in the early Early Miocene.
The age of OKI-7 is 5.0 ± 0.2 Ma. The sample of OKI-7 was considered to belong to the Tokibariyama Formation according to a previous study (Yamasaki, 1992) , however we suggest the possibility that OKI-7 pertains to the Tsuzurao Quartz Rhyolite based on its age.
Paleomagnetism
Samples and measurements
We collected paleomagnetic samples from a total of 30 sites at 4 stratigraphic units (Oki Trachyte-Rhyolite, Kumi, Kori, and Tokibariyama Formations) consisting of the Miocene volcanic sedimentary strata in Oki-Dogo Island (Fig. 2, Table 1 ). More than five cores drilled by a standard size portable engine corer or three hand-picked samples were taken from each site. All the samples were oriented by a magnetic compass. In the laboratory, three or more cores were drilled from each hand-picked sample, and cut into two or more specimens. Magnetic measurements were performed at Ibaraki University using a cryogenic magnetometer (2G model 750R), alternating field (AF) and thermal demagnetizers (Natsuhara Giken models DEM-8061 and TDE-91E), a low-field susceptibility meter (Bartington MS2) and a pulse magnetizer (Magnetic Measurement MMP9). Magnetic field intensity was less than 5 nT in the thermal demagnetizer sample region. To determine an appropriate demagnetization procedure at each site, we selected two pilot specimens from each site and demagnetized progressively, one thermally and another by AF. The AF demagnetization was statistically done at three orthogonal axes up to 50 mT at 5 mT intervals, and the thermal one from 100 • C to 600
• C at 50
• C intervals. Magnetic susceptibility was measured at each thermal demagnetization step to monitor possible chemical changes caused by heating. Acquisition of isothermal remanent magnetization (IRM) was progressively performed every 25∼50 mT up to 1000 mT to know a specimen's coercivity spectrum.
Rock magnetic and paleomagnetic results
Stepwise demagnetizations for the pilot specimens yielded characteristic remanent magnetization (ChRM) components at 20 sites (Table 3 and dures at each site. A ChRM was determined by the principal component analysis (Kirschvink, 1980) applied to data composing a liner segment toward the origin on a demagnetization diagram. At other sites, thermal demagnetization exhibits scattered directions above 400
• C at which magnetic susceptibility largely goes up, and AF shows that the remanence has not moved to the origin (Figs. 3(d) , (e) for examples).
The IRM acquisition was carried out on specimens from the 20 sites where ChRM were extracted. The results exhibit dominant low coercivity of less than 200∼300 mT and negligible higher coercivity spectra at the 20 sites (Fig. 3) , indicating low coercivity magnetic minerals like magnetites, maghemites, and magnetic iron sulfides as possible magnetic carriers.
Thermal demagnetization results from the sites producing ChRMs except TUR05 and OTR34 show that the remanence vectors sharply decline from 200
• to 300 • C, slowly move toward the origin from 300
• to 550 • C and disappear by 600
• C (Fig. 3(a) ). This result also shows that the magnetization above 200
• C consists of a single component appearing to be a ChRM. The component can be separated into two temperature ranges at around 300
• C: i) a dominant lower temperature component, and ii) a minor higher temperature component. Since the susceptibility does not change much through the thermal demagnetization runs (Fig. 3(e) ), the lower temperature component seems not to be carried by iron sulfides, but by low coercivity magnetites and/or maghemites. The AF results exhibit similar demagnetization paths with the thermal paths at portions higher than 10 mT, suggesting that the ChRMs can be extracted effectively by AF demagnetization. At these sites, therefore, we demagnetized other specimens by AF and extracted components higher than 10 mT as ChRMs. The result of TUR05 thermal demagnetization shows that the remanent vector declines abruptly between 400 and 450
• C, moves straight to the origin and disappears by 600
• C. The IRM acquisition curve from this site exhibits saturation at 300 mT. These results indicate that the component higher than the 450
• C might be carried by fine grain magnetites having a hard coercivity of close to 300 mT. Since this component is quite stable and is not removed effectively by AF (Fig. 3(b) ), we demagnetized other specimens thermally and extracted components of higher than 450
• C as ChRMs. The result of OTR34 thermal demagnetization shows that the remanent vector turns from normal to reversed at 200
• C, and it declines toward the origin and disappears by 600
• C (Fig. 3(c) ). Magnetization higher than the 200
• C portion consists of a single component seeming to be a ChRM, and the IRM acquisition curve of this sample shows its saturation by 100 mT indicating that low coercivity minerals dominate the magnetic carriers. These results suggests magnetites as a magnetic carrier for the ChRM. However, the lower temperature portion which might be a recent overprint is not removed by AF. Thus, we demagnetized other specimens thermally and extracted components higher then 200
• C as ChRMs. According to sedimentary structures found near the sampling sites, we performed tilting correction of in-situ paleomagnetic results from all the sites except OTR series (Oki Trachyte-Rhyolite) and KTB1 (Kori Formation) which are thought not to have moved tectonically (Fig. 4) . The result of the correction, shown separately for the Tokibariyama and Kori Formations (except KTB1), indicates that the confidential circles are reduced after the correction in both cases (Fig. 4) suggesting that the correction is efficient to provide a better estimation of the remanent directions. To assess whether the correction is significant, we apply the correlation test proposed by Mcfadden (1990) . The test takes correlation between the corrected direction and the bedding orientation at each site, sums up all the sites, and compares the sumed correlation value to the confidence limit provided at every number of samples. As the result, the correlation values from both the formations are smaller than the limits (Fig. 4) suggesting the correction is significantly effective. Therefore, we use the corrected directions for further discussion. Since distributions of site mean directions from the Tokibariyama and Kori Formations are similar, we treated these data together as there is no significant tectonic movement between these formations. On the other hand, the distribution of site mean directions from the Oki Trachyte-Rhyolite looks discrepant with those of other formations. The average direction from the Tokibariyama and Kori Formations points significantly in an eastward declination (40 ± 15
• ) but the one from the Oki Trachyte-Rhyolite does not show a significant difference from the present axial dipole field direction (Fig. 5) . This result suggests that a clockwise rotation of ∼40
• occurred between the age of deposition of the Tokibariyama and Kori Formations and that of the Oki Trachyte-Rhyolite (Fig. 5) .
Discussion
Timing of clockwise rotation
The geological age of the Tokibariyama and Kori Formations was determined as the Early Miocene (24-17 Ma) based on the F.T. ages and the Daijima type flora. The Rb-Sr age of the Oki Trachyte-Rhyolite was reported as 6.8 Ma by Iwata et al. (1988) . The timing of clockwise rotation is between 17 and 6.8 Ma. This result is consistent with that of Otofuji et al. (1991) .
Amount of clockwise rotation
The mean paleomagnetic direction of the Tokibariyama and Kori Formations is D = 39.9
• , I = 51.8
• , α 95 = 15.5
• , and that of the Oki Trachyte-Rhyolite is D = −14.4
• , I = 48.5
• , α 95 = 18.3
• . The inclination of the Tokibariyama and Kori Formations is not different from that of the Oki Trachyte-Rhyolite, however the declination is different between them. Since the α 95 area of the Oki Trachyte-Rhyolite contains the geocentric axial dipole field direction of this region, it can be said that the Oki Trachyte-Rhyolite has not been moved tectonically since the deposition. These results indicate that a clockwise rotation of 40
• ±15
• occured during the period after the deposition of the Tokibariyama and Kori Formations and before the time of the formation of the Oki Trachyte-Rhyolite.
Geological evidence for the Japan Sea opening
Transgression started slowly from the early Early Miocene because the Tokibariyama Formation contains lacustrine mudstone beds (Kojima et al., 1995) and the Kori Formation consists of basaltic submarine auto-brecciated lavas and conglomerate. Yamasaki (1992) reported that the Kori Formation and the lower Kumi Formation was deposited in fluvial to shallow sea environments. The timing of the clockwise rotation of the Oki-Dogo Island is consistent with that of the environment change from fluvial-shallow sea to deep sea.
According to the topography and geological structure of the sea floor between Oki-Dogo and the Shimane Peninsula, it is continuous and shows no differential movement. The topography which is shown in Fig. 6 is characterized by smooth continental shelf shallower than 100 m and no large faults were reported (Iwabuchi, 1968) . Otofuji et al. (1991) reported paleomagnetic data indicating a clockwise rotation of the Kawai Formation, which is correlated with the Kumi Formation in Oki-Dogo based on the geological , where α 95 is the radius of the 95% confidence limit and I is the inclination). The declination in the main land of southwest Japan is after Otofuji et al. (1991). age, in the eastern part of Shimane Prefecture. The Kawai Formation consists mainly of sandstone. However, it is comformably covered by or party interfingered with the Kuri Formation composed of black shale and rhyolite-dacite pyroclastic rocks. These facies resemble that of the Kumi Formation (Yamauchi and Yoshitani, 1981) . These results show that Oki-Dogo probably rotated together with Southwest Japan.
Conclusions
1. Paleomagnetic and F.T. age measurements show a clockwise rotation of 40
• ± 15
• of the Oki-Dogo Island between 17 and 6.8 Ma.This result is consistent with the results of previous studies (e.g. Otofuji et al., 1991) .
2. The timing of the clockwise rotation of Oki-Dogo Island related to the Japan Sea opening almost coincided with the timing of the environmental change from fluvial-shallow sea to deep sea.
